A Gram-stain-negative, yellow, rod-shaped bacterium, designated strain KK22
A Gram-stain-negative, yellow, rod-shaped bacterium, designated strain KK22
T , was isolated from a microbial consortium that grew on diesel fuel originally recovered from cattle pasture soil. Strain KK22 T has been studied for its ability to biotransform high molecular weight polycyclic aromatic hydrocarbons. On the basis of 16S rRNA gene sequence phylogeny, strain KK22
T was affiliated with the genus Sphingobium in the phylum Proteobacteria and was most closely related to Sphingobium fuliginis TKP T (99.8 %) and less closely related to Sphingobium quisquiliarum P25 T (97.5 %). Results of DNA-DNA hybridization (DDH) revealed relatedness values between strain KK22 T and strain TKP T and between strain KK22 T and strain P25 T of 21¡4 % (reciprocal hybridization, 27¡2 %) and 15¡2 % (reciprocal hybridization, 17¡1 %), respectively. Chemotaxonomic analyses of strain KK22 T showed that the major respiratory quinone was ubiquinone Q-10, that the polar lipid profile consisted of phosphatidylglycerol, phosphatidylethanolamine, phosphatidylcholine, phosphatidyl-N-methylethylethanolamine and sphingoglycolipid, and that C 18 : 1 v7c and C 14 : 0 2-OH were the main fatty acid and hydroxylated fatty acids, respectively. This strain was unable to reduce nitrate and the genomic DNA G+C content was 64.7 mol%. Based upon the results of the DDH analyses, the fact that strain KK22 T was motile, and its biochemical and physiological characteristics, strain KK22 T could be separated from recognized species of the genus Sphingobium. We conclude that strain KK22 T represents a novel species of this genus for which the name Sphingobium barthaii sp. nov. is proposed; the type strain is KK22 T (5DSM 29313 T 5JCM 30309 T ).
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The genus Sphingobium, which was proposed by Takeuchi et al. (2001) , is composed of aerobic, Gram-staining-negative, rod-shaped, chemo-organotrophic bacteria characterized chemotaxonomically by possessing sphingoglycolipids in their outer membranes, fatty acid profiles consisting of C 18 : 1 v7c as the major fatty acid and C 14 : 0 2-OH as the main hydroxylated fatty acid, and which contain ubiquinone Q-10 as the main respiratory quinone (Young et al., 2007; Stolz, 2009) . At the time of writing, there are 37 members of the genus Sphingobium with validly published names and 23 of these species have been proposed in the last five years. This genus includes members that are known for their abilities to biodegrade environmental pollutants and some that biodegrade polycyclic aromatic hydrocarbons (PAHs) Stolz, 2009) . PAHs comprised of four or more aromatic rings are considered to be more resistant to biodegradation by bacteria and are often referred to as high molecular weight (HMW) PAHs. The greater molecular stability of HMW PAHs is a contributing factor to their environmental persistence. Many are suspected carcinogens, displaying genotoxicity, immunotoxicity and causing oxidative cell damage, and so they are considered to be a threat to human health (Cerniglia, 1992; Kanaly & Harayama, 2010) .
Strain KK22
T was isolated by enrichment on phenanthrene from a bacterial consortium that was studied for its ability to biodegrade diesel fuel and mineralize benzo[a ]pyrene and which was originally recovered from cattle pasture soil in the Gulf region of Texas, USA, circa 1994 (Kanaly et al., 1997 Kanaly & Bartha, 1999) . This strain was studied for its abilities to biotransform the HMW PAHs benz[a ]anthracene, fluoranthene and benzo[k ]flouranthene (Kunihiro et al., 2013; Maeda et al., 2014 T produced brownish-yellow, round, convex and shiny colonies of approximately 2-3 mm in diameter after 3 to 4 days. This strain also grew and produced yellow colonies on trypticase soy agar (TSA), LB agar and Noble agar (all Becton Dickinson) supplemented with 1 % (w/v) glucose.
16S rRNA gene PCR and sequence determination were conducted by colony PCR following the growth of strain KK22 T on SBM Noble agar plates with crystalline phenanthrene. 16S rRNA gene fragments were amplified and sequenced using primers, as described previously (Kunihiro et al., 2013) . The 16S rRNA gene sequences of members of the genus Sphingobium with validly published names were retrieved from the NCBI database and were aligned using CLUSTAL W version 1.8 software and alignments were refined by visual inspection (Thompson et al., 1994) . Phylogenetic trees based upon comparison of 1481 bases were reconstructed by the neighbour-joining and maximum-likelihood algorithms with 1000 bootstrap analysis using MEGA 5.0 software (Saitou & Nei, 1987; Tamura et al., 2011) . The results showed that strain KK22
T was related to members of the genus Sphingobium and was most closely related to Sphingobium fuliginis TKP T (Prakash & Lal, 2006) and less closely related to members of other genera of the family Sphingomonadaceae: Sphingomonas, Sphingopyxis, Sphingosinicella and Novosphingobium (Fig. 1) . The 16S rRNA gene sequence of strain KK22
T showed 99.8 % similarity to Sphingobium fuliginis TKP T , 97.5 % similarity to Sphingobium quisquiliarum P25 T (Bala et al., 2010) and was less than 97.0 % similar to the next closest strains, Sphingobium herbicidovorans MBIC 3166 T (Zipper et al., 1996; Takeuchi et al., 2001) and Sphingobium rhizovicinum CCM 7491 T (Young et al., 2008) . Sequence divergence values of 3 % or greater are considered to be strong evidence that organisms are not related at the species level (Stackebrandt & Goebel, 1994) . At the same time, DNA-DNA hybridization (DDH) is necessary to clarify the taxonomic relationships of strains when they have greater than 97.0 % (Tindall et al., 2010) , or greater than 98.5 % (Stackebrandt & Ebers, 2006; Stackebrandt, 2011) , 16S rRNA gene sequence similarity. Therefore, DDH was conducted at the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) according to the methods of Ezaki et al. (1989) . Hybridizations were conducted in triplicate and the means of the resultant values determined. Based upon the recommendations of Tindall et al. (2010) , reciprocal analyses were also performed between all strains. DDH revealed low DNA relatedness between strain KK22
T and strain TKP T (21¡4 %; reciprocal, 27¡2 %); average and standard deviation and between strain KK22 T and strain P25 T (15¡2 %; reciprocal, 17¡1 %) (Table S1 , available in the online Supplementary Material). These levels of DNA-DNA relatedness were less than the threshold value of 70 % suggested for the delineation of bacterial species according to Wayne et al. (1987) , and so it was concluded that strain KK22
T should be separated and considered as a representative of a novel species of the genus Sphingobium.
The cell morphology of strain KK22
T was investigated. It was grown on 300 mg phenanthrene l 21 for 3 days and streaked onto and cultivated on Noble agar plus crystalline phenanthrene. The morphology and dimensions were then determined from photomicrographs using transmission electron microscopy (TEM) and phase-contrast microscopy. For TEM analyses, samples were prepared by negative staining with 1.0 % phosphotungstic acid (pH 7.6), 0.4 % sucrose and 0.01 % sodium azide solution (all w/v) on a Formvar-coated copper grid, dried and analysed using a transmission electron microscope (JEOL model JEM-1210) equipped with an Olympus camera (model SIS Megaview III CCD) at JAMSTEC. Gram staining was conducted by using a Becton Dickinson Gram stain kit. Strain KK22 T was Gram-stain-negative, motile and rod-shaped or short rod-shaped. TEM revealed that this organism possessed one polar flagellum of up to approximately 5-6 mm in length (Fig. S1 ). Cell size was approximately 0.8-1.3 mm in length and 0.5-0.6 mm in width. The detection of the monotrichous flagellum differentiated strain KK22
T from Sphingobium fuliginis TKP T and Sphingobium quisquiliarum P25 T , which are non-motile organisms (Prakash & Lal, 2006; Bala et al., 2010) .
Oxidase and catalase tests were conducted according to standard procedures (Smibert & Krieg, 1994) . Hydrolysis of 1.0 % Tween 20 and Tween 80 (w/v) was indicated by a zone of opacity around the areas of growth according to the method of Arden Jones et al. (1979) . Casein hydrolysis was determined by the method of Gordon & Mihm (1962) . For physiological and biochemical characterizations, API 20NE (bioMérieux) and API 50 CHB/E Medium (bioMérieux) test kits were used, according to the manufacturer's instructions. DNase activity was assayed by using a DNase test agar (Becton Dickinson). Growth of strain KK22 T at 4, 10, 15, 20, 28, 30, 37, 40, 45 and 50 8C and at a pH of 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0 (pH was adjusted with 6 M HCl or KOH) was evaluated on TSA and Noble agar supplemented with 1 % (w/v) glucose. Motility was evaluated by the test tube method with nutrient broth and 0.4 % (w/v) agar prepared in 10 ml tubes and inoculated by the stab technique. Salinity tolerance was evaluated on TSA supplemented with NaCl at concentrations of 0, 0.5, 1.5, 2.5, 3.0, 3.5, 4.5 and 5.5 % (w/v) (Becton Dickinson). Growth on phenanthrene and HMW PAH biotransformation assays were conducted as described previously and the detection of ring-cleavage products was used as an indicator of HMW PAH biotransformation (Kunihiro et al. 2013; Maeda et al. 2014 
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To conduct chemotaxonomic analyses, strains KK22 T , TKP T , P25 T , MBIC 3166 T and CCM 7491 T were harvested from liquid cultures at the late exponential phase of growth on trypticase soy broth at 30 8C (with rotary shaking at 175 r.p.m. in the dark) (Becton Diskinson). The composition of cellular fatty acids was analysed at the Technosuraga Laboratory (Shizuoka, Japan) by using the Sherlock Microbial Identification (MIDI) System version 6.0 (MIDI). The extraction and analysis of polar lipids by two-dimensional TLC was performed according to standard procedures (Minnikin et al., 1979) . Quinones were extracted and analysed by using a Waters 600 Series HPLC System in-line with a phosphodiode array detector (Nishijima et al., 1997) . The fatty acids present in strain KK22
T supported its assignment to the genus Sphingobium; fatty acids belonging to summed feature 8 that corresponded to the fatty acids C 18 : 1 v6c and/or C 18 : 1 v7c were the major fatty acid(s) detected (64.3 %) and C 14 : 0 2-OH was the major hydroxylated fatty acid detected (9.2 %). Only two other fatty acids were detected at levels exceeding 4 % of the total: C 16 : 0 (11.3 %) and 11-methyl C 18 : 1 v7c (4.2 %). A difference of greater than 4 % was observed in C 16 : 0 when the composition was compared with that of strain TKP T Table 2 ). When compared with the other four most closely related strains, strain KK22
T possessed the highest amount of fatty acids from summed feature 8, C 14 : 0 and C 14 : 0 2-OH. Comparisons of the cellular fatty acid profiles of strain KK22
T and the most closely related species of the genus Sphingobium are summarized in Table 2 . The results of polar lipid analyses of strain KK22
T showed that it contained phosphatidylglycerol, phosphatidylethanolamine, phosphatidylcholine, phosphatidyl-N-methylethylethanolamine and sphingoglycolipid plus three unidentified polar lipids and two unidentified phospholipids (Fig. S2) . The polar lipids identified are those commonly reported for members of the genus Sphingobium. The major respiratory quinone was ubiquinone Q-10 and other respiratory quinones were not detected. Ubquinone Q-10 is found in all members of the phylum Proteobacteria and it is an important feature of sphingomonads (Dadhwal et al., 2009) . All members of the genus Sphingobium contain ubquinone Q-10 ( Busse et al., 1999) . The genomic DNA G+C content of strain KK22
T was 64.7 mol% (Maeda et al., 2013) , which fell within the range of 62-67 mol% observed for other members of the genus Sphingobium (Takeuchi et al., 2001) . Based upon the results of DDH and the phenotypic and chemotaxonomic analyses, strain Cells are aerobic, Gram-stain-negative, polar flagellated rods (0.5|1.3 mm). Colonies are shiny, opaque, convex, circular and yellow-light brown with smooth edges that become rough after extended incubation on TSA. Growth occurs at up to 40 uC, but not at 45 uC. Luxuriant growth occurs at up to 37 uC. Profuse growth occurs at pH 5.0-8.0 with weaker growth at pH 9.0. Catalase-and oxidase-positive. Nitrate is not reduced to nitrite. Hydrolyses starch and Tween 20, but not Tween 80, gelatin or casein. b-Galactosidase activity is not detected. Indole production is negative. Acid is produced from D-glucose, D-xylose, D-fructose, D-galactose, cellobiose, trehalose, D-arabinose, maltose and potassium gluconate, but not from sucrose, D-mannitol, raffinose, D-sorbitol, lactose, D-mannose, myo-inositol, N-acetylglucosamine, capric acid, adipic acid, malic acid or citrate. Whole-cell fatty acid profiles consist mostly of C 18 : 1 v7c and C 16 : 0 and the main hydroxylated fatty acid is C 14 : 0 2-OH. Ubiquinone Q-10 is the major respiratory quinone. Contains phosphatidylglycerol, phosphatidylethanolamine, phosphatidylcholine, phosphatidyl-N-methylethylethanolamine and sphingoglycolipid plus three unidentified polar lipids and two unidentified phospholipids. Grows on phenanthrene as a sole source of carbon and energy up to concentrations as high as 500 mg l 21 and biotransforms the following HMW PAHs to downstream ring-fission products: fluoranthene, benz [a ] anthracene and benzo[k ]fluoranthene.
The type strain, KK22
T (5DSM 29313 T 5JCM 30309 T ), was isolated from a diesel-fuel-degrading bacterial consortium that was originally recovered from cattle pasture soil in the Gulf region of Texas, USA. The DNA G+C content of the type strain is 64.7 mol%.
